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 Abstract: 
Nutrient removal has become one of the key challenges for wastewater treatment facilities all 
over the world due to the harmful effect of these pollutants on water bodies and ecosystems 
known by eutrophication, however, most of the currently used technologies are not focused on 
nutrients recovery from wastewater. Recently, using agricultural waste/by-products for 
adsorption of nutrients acquired more interest because of their abundant availability, low-cost, 
high efficiency and eco-friendly advantages and this method may become more 
environmentally sustainable through maximizing removal while delivering nutrient and 
energy recovery technologies with economically attractive return on investment. 
This review investigates the application of agricultural waste/by-products as bio-sorbent for 
phosphate, ammonium and nitrate removal with a focus on the modification methods and the 
process mechanism including influent parameters, kinetics and isotherms. 
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Introduction: 
Expanded industrialization and high-input agriculture activities allows to the rising 
concentration of harmful nutrient compounds – specifically nitrogen and phosphorus – in 
wastewater discharge causes a harmful effects in surface waters. The release of nutrients; 
phosphate, ammonia and nitrate, into runoff impose a great threat on environmental health 
such it’s constitute a major factor in the eutrophication of many freshwater and marine 
ecosystems (only a concentration of 0.025 mg/L phosphorous is capable of causing 
eutrophication in surface waters [1]). Thus, the limit of contaminant levels of total nitrogen 
(TN) is set between 10 to 30 mg/L and between 0.1 to 30 mg/L for total phosphorus (TP) for 
treated wastewater [2].  It is therefore very important to develop effective technologies to 
remove phosphate, ammonia and nitrate from aqueous solutions prior to their discharge into 
runoff and natural water bodies. 
 
Figure1: The effects of excessive amount of nutrients on ecosystem and human well-being  
In the other hand we face a major grand challenge in the twenty-first century; sustainably 
meeting food demands while simultaneously reducing agriculture’s environmental harm as a 
phosphorus, a non-renewable resource, faces a serious risk of depletion. Therefore, recovery 
and reuse of nutrients is highly desirable as result many nutrient removal technologies 
including biological, chemical, and physical treatment methods have been developed for this 
concern, however, most of these methods have proven to be either too expensive, complicated 
or inefficient.  
 
Figure 2: Historical and future sources of phosphorus fertilizer (Cordell et al., ‘Toward Global Phosphorus 
Security: A Systems Framework for Phosphorus Recovery and Reuse Options). 
Recently, adsorption using agricultural waste/ by-products (AWBS) appears as a promising 
method and many researches investigate the use of these bio-sorbents for the removal and the 
recovery of phosphate, ammonium and nitrate from wastewater and they prove a good 
adsorption capacity, a wide availability at a low price, non-toxicity in addition to the 
possibility of reusing as a fertilizer. 
It works on the 3R principle: reduce, reuse, and recycle.  
 Reduce the burden on reactive nitrogen and phosphorus production and agricultural 
waste as well to protect water resources and ecosystems. 
 Reuse and add a value to the agricultural waste and by-products help to fight the 
challenge of solid waste disposal and waste management. 
 Recycle the nitrogen and phosphorus lost in the runoff will diminish the use of 
mineral phosphorus and hence saving the global phosphorus rock resource.  
This review evaluates the previous researches in this field and investigates the advantages, 
drawbacks and difficulties behind using agricultural by-products and waste for the removing 
of nutrients from waste water. 
Phosphorus Cycle:   
The most significant difference of the phosphorus cycle compared to other element cycles is 
that no gaseous compounds exist. Therefore, it is only found in soil and aquatic environments. 
Since phosphorus is not readily available from the atmosphere, it is deemed the limiting 
nutrient. Overall, inorganic phosphorus is discharged into water bodies from numerous natural 
and human sources. When plants and animals die, decomposition of the biomass by bacterial 
activities converts organic phosphorus to inorganic phosphorus, which is then released back to 
the environment. The major steps of the phosphorus cycle in aquatic environments are 
summarized below [3].   
Mineralization: Organic phosphorus compounds are mineralized to orthophosphate by 
microorganisms such as bacteria (e.g., Bacillus Subtilis), and fungi (e.g., Penicillium).  
Assimilation: Microorganisms assimilate phosphorus into their cells.    
Precipitation of Phosphorus: In the aquatic environment, the solubility of orthophosphate is 
affected by the pH and the presence of other minerals, Al3+, Ca2+, Fe3+, and Mg2+. 
Precipitation leads to formations of insoluble compounds, such as Fe3 (PO4)2.8H2O and 
AlPO4.2H2O.   
Solubilisation of Insoluble Phosphorus: Microorganisms’ metabolic activity contributes to 
the solubilisation of phosphorus compounds. The process involves enzymes, production of 
organic and inorganic acids, production of CO2, and production of H2S. 
Nitrogen cycle: 
The nitrogen cycle is the biogeochemical cycle by which nitrogen is converted into multiple 
chemical forms as it circulates among the atmosphere, terrestrial, and marine ecosystems. The 
conversion of nitrogen can be carried out through both biological and physical processes [4]. 
Fixation: A special type of bacteria called nitrogen fixing bacteria take in atmospheric 
nitrogen and combines it with hydrogen to produce ammonia (NH3). 
Nitrification: This is a two-step process that coverts NH3 and NH
4+ to NO3-. In the first step, 
Nitrosomonas and Nitrococcus, soil bacteria, convert NH3 to NO
2-. Once this is done, the 
Nitrobacter, another soil bacteria, takes forward the second step of nitrification by oxidizing 
NO2- to NO3-. 
Assimilation: Tt is the process in which the plants and animals take up the nitrates and 
ammonia formed into their biological cells. The plants take up NO3- and NH4 through their 
roots and integrate them into the various plant proteins and nucleic acids. Animals take up this 
nitrogen form by consuming the plant tissues. 
Ammonification: The death of a plant or animal or the waste excretion by an animal is the 
initial form of organic nitrogen. Many bacteria and fungi convert this organic nitrogen into 
ammonium (NH4+). This process is known as ammonification or mineralization. The 
converted ammonia becomes available to take part in other biological processes. 
Denitrification: It is the reduction of NO3- into N2 by anaerobic bacteria, this step is carried 
out with the help of Pseudomonas and Clostridium in anaerobic conditions. These bacteria are 
facultative organisms and can survive in the presence of oxygen. 
Nutrients Point and Non-Point Sources: 
Nutrient sources causing eutrophication in the waterways are commonly classified as point 
and non-point [5]. Point sources are specific locations or facilities, whereas non-point sources 
are discrete discharges. Municipal and industrial wastewater dischargers, leaching waste 
disposal systems, leaking septic systems, and large construction sites, are some examples of 
definitive point sources. Industrial wastes and domestic sewage are major contributors to the 
total amount of phosphorus unloaded into lakes from human settlements [6]. 
Non-point sources are scattered and include agricultural runoffs, urban storm water 
discharges, animal farms, pastures, precipitation, atmospheric deposition, drainage, seepage, 
erosion, or hydrologic modifications [7].  
Studies predict that fertilizer consumption will continue to rise in the world, resulting in 
potentially increased nutrient loads to freshwater reservoirs [8]. Compared to non-point 
sources, point sources are easier to monitor, treat, and regulate. 
 Figure3: Nutrients contamination sources [9] 
Previous researches in nutrients removal and recovery technologies: 
Nutrients removal and recovery technologies can be grouped into physical, chemical and 
biological treatments: 
Phosphorus removal and recovery: 
Membrane technologies have been of growing interest for wastewater treatment in general, 
and most recently, for P removal in particular. Membrane bioreactors, tertiary membrane 
filtration and reverse osmosis (RO) systems have all been used in full-scale plants with good 
results.  Several plants achieving <0.1 mg/L TP in their effluent, and the current reliable limits 
of technology are 0.04 mg/L for MBRs and tertiary membrane filtration, and 0.008 mg/L for 
RO  [10]. 
Chemical precipitation: The chemicals most often employed are compounds of calcium, 
aluminium, lime and iron [11]. Chemical addition points include prior to primary settling, 
during secondary treatment, or as part of a tertiary treatment process. A major concern with 
chemical precipitation for P removal continues to be the additional sludge that is produced.   
Another chemical technique, adsorption, has proven to be economical because the only cost 
associated with the adsorbents is transportation [12]. Moreover, there is no sludge generated 
from the process. Low-cost and readily available materials or agricultural by-products have 
been extensively investigated for some decades [13] also activated carbon derived from 
various wastes is effective in the removal of phosphorus. Nonetheless, the process requires 
high amount of energy as well as the application of chemicals for activation. Many researches 
have been conducted to find raw materials, which can be used as they are or with little 
modification, for phosphorus removal. 
Assimilation is a method for phosphorus removal from wastewater has long been achieved 
through incorporation of the P as an essential element in biomass, particularly through growth 
of photosynthetic organisms (plants, algae, and some bacteria, such as cyanobacteria).   
 Constructed wetland is another biological phosphorus removal method that is a low-cost and 
low-tech process to control environmental pollution. Basically, it is a container (as small as a 
bucket or as big as a very large pond) planted with mainly aquatic, but sometimes with 
terrestrial plants. The roots of plants, especially aquatic macrophytes, both emerged and 
submerged, work as a giant biological filer that removes organic matter of all kinds. At the 
same time, microorganisms residing in the submerged roots in the wastewater are degrading 
other pollutants that are later absorbed by the plants. Afterwards, the treated wastewater is 
commonly discarded to natural water bodies or used for irrigation of inedible plants without 
any further treatment [14].  
Enhanced biological phosphorus removal (EBPR) appears the greatest recent and present 
interest has been in enhanced biological phosphorus removal.  This is because of its potential 
to achieve low or even very low (<0.1 mg/L) effluent P levels at modest cost and with 
minimal additional sludge production.  EBPR is a wastewater treatment based on the selective 
enrichment of bacteria accumulating inorganic polyphosphate as an ingredient of their cells. It 
involves microbial metabolic cycling via several microbial-accumulated biopolymers 
(polyphosphate, PHA, and glycogen) [14].  
 
Ammonium removal and recovery: 
Biological nitrification is a simple and cost effective ammonia treatment process that is used 
to treat the bulk of ammonia pollution today, the process involves the nitrification of ammonia 
into nitrate, a less toxic form of fixed nitrogen than ammonia [15]. It is a two-step process. 
First, Nitrosomonas bacteria, a family of nutrient eating bacteria, convert ammonia (NH4) into 
nitrite (NO2). Next, Nitrobacter bacteria consume nitrite (NO2) to produce nitrate (NO3). 
Nitrate is a form of fixed nitrogen that plants and microorganisms can absorb. It also readily 
decomposes into nitrogen gas, making it the desired final product of most biological 
nitrification processes.  
Anaerobic Ammonium Oxidation (Anammox) is another biological treatment that is a 
relatively new yet effective method of biologically processing ammonia and nitrites directly 
into N2. Contrasted with biological nitrification, which is a two-step process, anammox 
bacteria convert ammonia and nitrites directly into N2 and H2O, bypassing the traditional 
denitrification process. Anammox shares many commonalities with traditional biological 
nitrification and is compatible with much existing infrastructure, allowing existing facilities to 
retrofit to anammox [16].   
Air stripping ammonia from wastewater can be an effective ammonia removal technology for 
low ammonia concentration wastewaters. Air stripping involves dispersing wastewater over 
evaporation material, in a cooling-tower type structure, to promote the evaporation of 
ammonia from the wastewater into the air stream. It is a pH-dependent scheme where at pH 
around 9.3, ammonium nitrogen from solution converts to ammonia gas [17].  
Breakpoint chlorination is the process of destroying ammonia by adding chlorine to water 
[18]. Breakpoint chlorination occurs when enough chlorine is present in the water to react 
with all of the free organics and ammonia. Breakpoint chlorination can remove ammonia by 
converting it into various chloramines, depending on the pH of the water. Chloramines are 
mild, non-toxic disinfectants that contribute to the overall free residual chlorine level in water.  
As for phosphorus removal technologies ion exchange and adsorption- based processes are  
highly relevant because of their unique properties such as high selectivity for NH4+, high 
removal, fast uptake kinetics and regeneration [19], less space requirements and simplicity of 
application and operation[20],being environmental friendly[21] as it uses naturally occurring 
and easy-to-modify ion-exchanger/adsorbent such as zeolite [12], and releases non-toxic 
exchangeable cations (Na+, K+, Ca2+, and Mg2+). The most popular ion exchanger/adsorbent 
for nitrogen recovery is zeolite.  
Bio-electrochemical Systems (BES) is a technology when chemical energy contained in the 
organic matter is directly converted to electrical energy by certain microorganisms. In the 
case of ammonium recovery, the organic matter in wastewater is oxidized at the anode by 
bacteria, while ammonium ions are transported over a cation exchange membrane to the 
cathode chamber [23], where the high pH allows for recovery as ammonia.  
Membrane-based processes offer distinct advantages as ammonia recovery is independent of 
gas or liquid flow rates, absence of secondary pollutants in ammonia permeate, and 
concentration of ammonia does not affect ammonia removal efficiency. Nunes and Peimmann 
[24] recovered ammonia gas in an acid solution using a gas-permeable membrane operated by 
vacuum pressure. Hasanoglu et al. [25] recovered ammonia as (NH4)2SO4 on the permeate 
side of a macroporous hydrophobic membrane. Kurama et al. [26] recovered 96.9 % of 
ammonium ions from using RO. Gerardo et al. [27] using cross-flow MF recovered nitrogen 
and phosphorus from dairy farm sludge. Mondor et al. [28] produced a concentrated nitrogen 
fertilizer (containing 13 g/l of NH3-N) from liquid swine manure using electro-dialysis and 
reverse osmosis.  
Nitrate removal and recovery: 
Blending: High-nitrate groundwater is largely managed by blending the groundwater with 
surface water that has lower nitrate concentrations. This approach is common for drinking 
water treatment in larger municipalities and obviously requires a second, low-nitrate water 
source. 
Ion Exchange: Ion exchange (IX) is the most widely employed nitrate treatment technology, 
used at wellsite or other points of entry into potable water distribution systems. IX 
technologies are simple to design, operate and monitor. They are cost-effective for smaller 
applications such as direct treatment of groundwater at well sites, usually feature fully 
automated regeneration sensors and equipment, and are regenerated using sodium chloride 
[29].  
Membrane Separation: Reverse osmosis (RO) [30] and electrodialysis (ED) [31] are 
expensive options to remove nitrate. ED-based systems utilize electric current to pass positive 
ions (cations) or negative ions (anions) through a semipermeable membrane. The current can 
be adjusted to pass only cations and reject anions, such as nitrate.  
Biological Denitrification: Microbe-induced nitrate reduction (NO3- NO2- NO N2O 
N2) can be accomplished using organic carbon electron donors such as methanol or acetic 
acid, or inorganic electron donors such as hydrogen or reduced sulphur. However, the 
dissolved oxygen content of the water must be lowered to about 0.1 mg/l for reduction to 
occur [32]. 
Chemical Denitrification: Metals such as platinum, palladium, tin, and copper can chemically 
reduce nitrate to other forms, but they usually require a low pH, often need the addition of 
hydrogen gas or another strong reductant, and perform best with added heat. As a result, full-
scale treatment systems based on these catalysts are not yet used for drinking-water 
applications [33].  
Despite the development of these technologies, they still have many disadvantages (Table 1).  
Table 1: comparison between nutrients removal methods 
Technology  Removal 
efficiency 
Advantages  Disadvantages  
*Phosphate removal and recovery: 
 
-Physical filtration and membrane 
process (Strom2006)  
 
-Chemical precipitation 
(Tchobanoglous  2003)  
 
-Adsorption and ion exchange 
Tchobanoglous (2003)  
 
-Bio-sorbent (Everglade hub. 2013).  
 
-Constructed wetlands (Bashan et.al  
2004) 
 
-EBPR (Bashan et.al  2004) 
 
 
 
 
90-99 % 
 
 
80-99% 
 
 
>80% 
 
 
Depend on the 
adsorbent used 
 
70-85% 
 
 
99% 
 
 
 
High efficiency  
Simple operation 
 
Better water quality 
Less space required 
 
Wide variety of materials  
Operational simplicity 
 
Abundant availability  
Cost effective , eco-friendly 
 
Low cost, low tech 
 
 
High efficiency 
Minimal sludge production 
 
 
 
High cost  
Membrane fouling and scaling  
 
High cost of chemicals, chemical sludge  
Do not recycle Phosphorus. 
 
High cost  
Low selectivity for some anion exchanger 
 
Modification is highly required  
 
 
Sediments; deposits 
 
 
More energy consumption 
More space needed 
*Ammonium removal and 
recovery: 
 
-Biological nitrification  
(Nicholas et al.2013)  
 
-Anammox (Kartal  et al.2010) 
 
 
-Air stripping (Huang et al.2006) 
 
 
 
- Breakpoint Chlorination 
(Pressley et al.1972)  
 
-Ion exchange and adsorption 
( Mahogany  et al.2013) 
 
-Bio-electrochemical Systems 
(BES) (Kuntke P et al.201) 
 
-Membranes (Gerardo ML et 
al.2013) 
 
 
 
>95% 
 
 
96% 
 
 
90-95% 
 
 
 
>95% 
 
 
98% 
 
 
96% 
 
 
99% 
 
 
 
High efficiency 
Simple operation 
 
Produces less sludge         
Requires less volume  
 
Smaller initial investment 
More effective at higher 
ammonia concentration 
 
Small, simple installation 
Chlorine treats other  
contaminants 
 
High efficiency 
Short operating time  
 
High efficiency 
Low energy consumption 
 
Can treat high concentration 
Small foot print  
 
 
 
 
High initial capital 
Temperature sensitive process 
 
Requires dissolved oxygen to  operate  
Very slow cell growth rate  
 
Higher operating cost from equipment 
Temperature sensitive 
 
 
Process consumes chlorine   
Dosage must be calculated  every time 
 
Disposal problem 
Does not remove nitrite and nitrate  
 
pH Sensitive process  
Depend on the ammonium concentration 
 
High cost 
Membrane fouling and scaling  
*Nitrate removal and recovery: 
 
-Ion exchange (de Heredia  et 
al.2006) 
 
-Reverse Osmosis (Bellona et 
al.2008) 
 
-Electrodyalysis  (Nataraj et al. 
2006) 
 
-Biological denitrification  
(Aslan, S  et al. 2003) 
 
- Chemical Denitrification 
(Yang, G et al. 2005) 
 
 
90% 
 
 
97% 
 
 
65% 
 
 
99% 
 
 
70% 
 
 
 
 
Short time period  
Simple and effective  
 
High efficiency 
short time period 
 
Simple separation, 
Hardness reduction 
 
High efficiency 
very selective reduction 
 
No waste brine or 
concentrate,  
Potential for multiple 
 
 
Disposal problems 
 
 
High cost, need for pre-treatment, 
 Disposal problems 
 
Complex operation  
Disposal problems 
 
Low reaction rate, 
Temperature constraints 
 
Risk of nitrite formation 
Lack of full-scale system 
  
contaminant removal 
 
Adsorption of nutrients using Agricultural waste/ by-products (AWBs):
  
Agricultural waste/by-products have been extensively studied in relation to the adsorption 
process. Therefore, environmentally friendly utilization of agricultural waste/by-products 
(AWBs) materials either as raw materials or in production of so-called activated carbons (AC) 
is an important issue because of their affordability, local availability, and efficiencies in 
removing many unwanted toxics and pollutants, they therefore could be utilized instead of 
more conventional but expensive adsorbent materials, particularly in developing countries 
where many industries lack appropriate individual sewage treatment systems; even where they 
exist, they lack satisfactory functioning and maintenance because of the lack of good budgets 
therefore There is a growing trend to employ agricultural waste/ by-products (AWBs) as the 
substrates for the development of bio-sorbents.  
AWBs from cheap and readily available resources such as agave bagasse [34], almond shell 
[35], apricot shell [35], barely straw [36], cashew nut shell [37], citric acid [38], cotton and 
gingelly seed shell [39], pomelo peel [40], mandarin peel [41], garlic peel [42] , pine sawdust 
[43], olive stone [44], pomegranate peel [45], potato peel [46], rice husk [47], banana peel 
[48], cane pith [49], coir pith [50] were used  for the removal of numerous pollutants from 
aqueous solutions mainly heavy metals and dyes. 
AWBs are used in the natural and modified form. In the natural form, the product is washed, 
ground and sieved until reaches the desired particle size then used in adsorption tests. While, 
pre-treatment by modification techniques is needed to enhance the adsorption capacity for 
some pollutants by increasing the number of active sites.  
The utilization of AWBs as nutrient biosorbents may result in many benefits: Firstly, this 
practice can protect surface water from eutrophication. Secondly, there are a large amounts of 
AWBs produced worldwide annually, posing a challenge to solid waste disposal. Thus the 
recycling AWBs as phosphate and nitrogen biosorbents not only provides a viable solution to 
reduce waste material in a cheap and eco-friendly way but also adds values to AWBs. 
Moreover, by converting phosphorus in wastewaters into fertilizers, this practice can 
generates revenues, also the successful exploitation of phosphorus from wastewaters will 
diminish the use of mineral phosphorus. However the poor recyclability of modified AWBs 
could be responsible for their limited application. Hence, further studies are required to search 
for novel, cost effective and green methods of modification. Figure 4 shows the criteria for 
selecting AWBs adsorbent for nutrients.  
AWBs have several properties that make them attractive as the substrate for developing 
nutrient bio-sorbent. To begin AWBs are abundant, low-priced and nontoxic. Additionally, as 
lignocellulosic materials, AWBs contain large amounts of functional groups (e.g. –OH, –
COH) in their cellulose, hemicellulose and lignin components and it was shown that 
lignocellulosic substances have ion-exchange capacity and general adsorptive characteristics, 
which both are derived from their biochemical constituent structure and polymers therefore, 
AWBs can easily get involved in chemical reaction (e.g. condensation, etherification and 
polymerization) thus the lack of efficiency in the phosphate and nitrate removal of original 
AWBs can be explained by the abundant availability of negatively charged functional groups 
(e.g. –OH, –COH) and  absence of positively charged functional groups (e.g. –NH2) on the 
surface of raw AWBs. 
 
 
Figure 4: Criteria for selecting AWBs adsorbent for nutrients. 
Lot of researches investigate the removal of phosphate, Ammonium and nitrate using 
agricultural waste/by-products, Table 2 shows a list of these adsorbents and their adsorption 
capacity for phosphates, ammonium and nitrate. 
Tbale2: Examples of AWBs adsorbents used for phosphate, ammonium and nitrate removal 
Adsorbent Adsorption 
capacity(mg/g) 
reference 
*Phosphate biosorbents: 
-Giant reed (plant) 
-Sugarcane bagasse 
-Coir pith 
-Date palm fibers 
-Palm surface fibers 
-Granular date stones   
*phosphate commercial adsorbents 
-Zirconium ferrite  
-Duolite A-7 
-Amberlite IRA-400 
-Aluminium oxyde  
-Zirconium ferrite  
 
0.836  
1.10 
4.35 
13.33 
26.05 
26.66 
 
27.73 
31.74 
32.24 
34.57 
39.84 
 
Xu et al. (2011a) 
Zhang et al. (2012) 
Krishnan and Haridas (2008) 
Rihani et al.(2009) 
Ismail (2012) 
Ismail (2012) 
 
Jutidamrongphan et al. (2012) 
Anirudhan et al.(2006) 
Marshall and Wartelle (2004) 
Peleka and Deliyanni (2009) 
Biswas(2008) 
*Ammonium biosorbents: 
-Peanut shells  
-Corncobs 
-Cotton stalks  
* Ammonium commercial adsorbent: 
Fe3O4 nanoparticles 
 
313.9 
373.1 
518.9 
 
133.21 
 
Liu et al. (2016) 
Liu et al. (2016) 
Liu et al. (2016) 
 
Zare et al. (2016) 
*Nitrate biosorbents: 
-Sugarcane bagasse  
-Rice hull 
-Sawdust 
- Coconut husk 
* Nitrate commercial adsorbent: 
-Commercial activated carbon 
 
3.72 
6.2 
8.68 
7.44 
 
1.09  
 
 
Pintar A, Setinc M, Levec J (1998)  
 
 
 
Alam JB, Dikshit AK, 
Bandyopadhayay M (2005)  
 
    
Process description and mechanism: 
Adsorption refers to the accumulation of any species from one of the continuous phases at 
interface between two phases. If solid/liquid (S/L) interface is in question, i.e., adsorption of a 
dissolved material (solute) is studied, the wetting of solid material (adsorbent) by the liquid 
(medium in which adsorbent is dispersed) and the solubility of solute in the given liquid (here 
solvent) have to be considered besides adsorption. Simultaneous equilibria of adsorption, 
wetting and solubility exist between the components (adsorbent, solvent and solute). 
Competition of solvent and solute molecules for surface sites and also competition of surface 
and solvation forces for solute molecules are always present in the S/L adsorption systems.  
Therefore a better understanding of adsorption from solutions requires that the interaction of a 
solute with a surface be characterized in terms of the fundamental physical and chemical 
properties of all the three components (solute, adsorbent and solvent) of adsorption [51].  
The probable simultaneous equilibria between the participating components of adsorption 
from electrolyte solutions, i.e., between the solid, solute and water, the interfacial and aqueous 
processes resulting in the equilibrium distribution of polar and charged species are shown in 
Fig.5: 
 Fig 5: Conceptual interaction web of adsorption [51] 
In the field of water treatment, adsorption has been proven as an efficient removal process for 
numerous types of pollutants, where ions or molecules are removed from liquids by 
adsorption onto solid surfaces. The solute remaining in the solution reaches a dynamic 
equilibrium with that adsorbed on the solid phase.  
The amount of adsorbate that can be taken up by an adsorbent as a function of both 
temperature and concentration of adsorbate, and the process, at constant temperature can be 
described by an adsorption isotherm according to the general equation: 
𝑞
𝑡=(𝑐0−𝑐𝑡)
𝑉
𝑚
 
 Where:                     qt (mg/g): The amount of adsorbate per mass unit of adsorbent at time t 
                                                     C0 and Ct (mg/l): The initial and at time “t” concentration of adsorbate, respectively. 
                                                     V:  volume of the solution 
                                                     m: mass of adsorbent (g). 
Four main steps of the process can be summarized as follows:   
 
Figure 6: Adsorption mechanism [52] 
 Step1: Solute is transferred from the liquid to adsorbent’s boundary layer. 
 Step2: External diffusion occurs, whereby the solute is transferred to the surface of the adsorbent 
through the boundary layer. 
 Step3: The solute is diffused from the surface to active sites, termed intra-particle diffusion. 
 Step4: Sorption of the adsorbate to the solid phase, by several forces described below. 
In most cases, two primary driving forces lead to the adsorption of a solute from an aqueous; 
the first driving force is linked with the solvent disliking (lyophobic) character of the solute 
such that hydrophobic substance tends to be adsorbed while a hydrophilic substance tends to 
stay in the water. The solubility of a dissolved substance is essential in determining the 
intensity of adsorption process.  
The second driving force is the electrical attraction of the solute to the solid. This type occurs 
as a result of chemical interaction or van der Waals attraction with the adsorbent. The 
adsorption induced by van der Waals force is defined as physisorption, and the other type of 
adsorption is termed as chemisorption. In adsorption processes, these two types interact 
together and it is quite difficult to differentiate between the two [51]. 
In chemisorption, electrons in specific surface sites and solute molecules are exchanged, 
resulting in the formation of a strong chemical bond. Chemically adsorbed adsorbates are 
immobilized within the surface or on the surface. Since chemical reactions happen more 
rapidly at higher temperatures, chemisorption is more predominant at high temperatures 
compared to physical adsorption. It also has high adsorption enthalpy (40-800 kJ/mol) [41]. 
However, in physisorption, intermolecular attractions occur between favourable energy sites. 
The adsorbate is attached to the surface by weak van der Waals forces in physisorption, hence 
it is less strongly attached to the surface compared to chemisorption. There is not any 
exchange of electrons in this process. In contrary to chemisorption, physical adsorption is 
predominant at low temperature and enthalpy (5-40 kJ/mol) [53]. 
Determination of the adsorption capacity:  
 Iodine number: Iodine number is defined as the milligrams of iodine adsorbed by one 
gram of carbon. Basically, iodine number is a measure of the iodine adsorbed in the 
pores that is an indication of the pore volume available in the material of interest [54].   
 
 BET analysis: The determination of specific surface area by the Brunauer Emmett and 
Teller (BET) theory is based upon the phenomenon of physical adsorption of gases on 
the surfaces of a porous solid. The amount of adsorbed gas depends on its relative 
vapour pressure [54].   
 Zeta potential: zeta potential is the potential difference between the dispersion 
medium and the stationary layer of fluid attached to the dispersed particle. The zeta 
potential is caused by the net electrical charge contained within the region bounded by 
the slipping plane, and also depends on the location of that plane. Thus it is widely 
used for quantification of the magnitude of the charge.  
Factors Affecting Adsorption of nutrients:  
Adsorption is not a homogeneous process and a variety of factors affect its efficiency. Besides 
physical properties of the adsorbent such as porosity, internal surface area, and external 
surface area, wastewater’s properties also have significant influences on the overall removal 
efficiency. The most important characteristics of the feed solution and the adsorbents are 
reviewed below.  
 pH: The effect of pH on the bio-sorption of nutrients onto different adsorbents has 
been investigated in many studies. Coir-pith carbon activated chemically by H2SO4 
achieved the highest adsorption of phosphorus in the pH range of 6-10 [55]. In another 
study, Benyoucef and Amrani [56]   reported the effective pH range for phosphate 
uptake by Aleppo pine sawdust to be (3.5-7.5), Xu et al. [57] explored that modified 
cotton stalk removed phosphorus efficiently in the pH range of (4-9). Liu et al. [58] 
found that the optimum pH to remove ammonium using Peanut shells, Corncobs and 
Cotton stalks was neutral however Zhu et al. [58] found that the optimal pH for the 
removal of ammonium using avocado seeds was 5. Thus varying results on the 
influence of pH on the adsorption process indicate its complex nature.  
 
 Temperature: Adsorption is affected by the relations between the properties of the 
adsorbent and the solute. Therefore, the effects of temperature are different for 
different adsorbents and solutes. In general, numerous studies have shown that by 
increasing the temperature of the solution to a specific range, the adsorption efficiency 
of different adsorbents also increases. Benyoucef and Amrani [56] attributed the 
higher phosphorus adsorption capability with increasing temperature to the expansion 
of pore size at higher temperatures. Moreover, Kumar et al [55] suggested that 
elevated temperature leads to an increase in the rate of diffusion of phosphate ions, 
which in turn enhances the adsorption efficiency however, it is important to note that 
higher temperature is not always beneficial for the process and may have an opposite 
effect, for example S. Hamoudi [59] found that the optimal temperature for the 
removal of nitrate from aqueous solution using Ammonium-functionalized 
mesostructured silica was only 5°C.   
 
 Adsorbent Dosage: All scientific studies indicated that nutrients adsorption increased 
with increasing adsorbent dose up to a specific level, and then it remained constant. 
One simple explanation for this is that by adding more adsorbent to the solution, more 
binding sites are available for the sorption process. Thus, high amounts of nutrients 
ions can be adsorbed.  
 
 Contact Time: The design and economics of any adsorption system are heavily 
influenced by the process’ kinetics. The required contact time varies between different 
adsorbents and contaminants. Generally, the adsorption of phosphorus by most 
adsorbents reached equilibrium in less than 1 hour however the adsorption equilibrium 
for ammonium and nitrate can be achieved after more than 5 hours, but many 
researches proved that more than 60% pollutants uptake is done in the first 2 min. The 
adsorption of phosphorus by modified giant reed reached equilibrium after 25 minutes 
[60]. Xu et al. [57] reported the adsorption of phosphorus on modified wheat residue 
reached equilibrium after 10 minutes, whereas 30 min was required  in the case of 
using hydroxide-eggshell (Mezenner & Bensmaili, 2009). Benyoucef and Amrani [56] 
observed the process reached equilibrium after 40 minutes when using modified 
Aleppo pine. Contrariwise, Liu et al. [58] found that the ammonium uptake by Peanut 
shells, corncobs and cottons stalks needed a contact time between 5 and 10 hours to 
reach equilibrium and less than 30 min using P.oceanica fibers [61]. Some authors 
have concluded that processes occurring in less than one hour are more favourable and 
get more ready acceptance in the science community than those requiring longer 
contact time [62]. 
 
 Initial Concentration: Generally, the adsorption efficiency decreases if there is a 
significant increase in the initial concentration of nutrients and this can be explained 
by the saturation of the adsorbent. 
 
 Interfering ions:  Since wastewater contains various ions, which may interfere in the 
process, many researchers have studied their potential effects on the adsorption 
efficiency. Divya et al. [63] stated that the presence of anions like Cl2, SO4
2-, NO3- and 
CO3
2- did not show any significant influence on phosphate adsorption, whilst some 
cations such as Ca2+, Mg2+, Cu2+, Fe2+ and Zn2+ facilitate the process. These findings 
coincide with those reported by Chen et al [64]. They concluded that anions of Cl-, 
NO3-, and SO4
2- had a negligible effect on phosphorus adsorption by natural pyrite 
however mahatheva kalaruban et al [65] illustrates that nitrate removal efficiency using 
amine grafted corncob drastically fell in the presence of phosphate and chloride ions. 
These results demonstrated the complex nature of adsorption process, especially when 
competing ions are involved.    
Activation methods of AWBs: 
Due to the lack of anion binding sites, natural AWBs are usually inefficient in phosphate and 
nitrate decontamination consequently, modification plays a vital role in improving their 
sorption’s property of raw AWBs.  
The lack of efficiency in the phosphate and nitrate removal of original AWBs can be 
explained by the abundant availability of negatively charged functional groups (e.g. –OH, –
COOH), while absence of positively charged functional groups (e.g. –NH2) on the surface of 
raw AWBs [66]. For these reasons, AWBs need to be modified to improve their phosphate 
sorption abilities.  
Methods of modification of AWBs for better phosphate and nitrate removal can be grouped 
into cationization (e.g. metal loading, grafting with ammonium type chemicals), anionization 
(e.g. surface coating with sulphate), and activation (e.g. thermal, chemical and steam 
activation). 
Cationization of AWBs by metal loading is indented to improve their retention ability of 
nutrients contaminants mainly anions through electrostatic interaction. The process is 
implemented through the reaction of AWBs with metal salts. Due to the abundance of 
negatively charged functional groups (e.g. –OH, –COOH) on their surfaces, AWBs can 
naturally adsorb metals. Nevertheless, to further boost their metal sequestering ability, AWBs 
should be grafted with the carboxyl (–COOH) group or pre-treated with bases prior to the 
reaction with metal salts [67]. It was reported that metal (e.g. Fe, Al, Mn, and Zr) oxides in 
some low cost materials played important roles in their phosphate and nitrate removal ability 
[68].  It is desirable that the metal treated AWBs with highly positive charges can sequester 
effectively phosphate anions [69].   
Surface protonation is a method of enhancing the adsorption of nitrate or phosphate by 
treating the AWBS with acids (HCl, H2SO4 …) to cause protonation of the adsorbent surface, 
thereby increasing the positive surface charge density. The elevated number of positive 
charges will adsorb more negatively charged ions through electrostatic attraction. Protonation 
by acid treatment is simple and an established technique for removing other contaminants as 
well [70]. Therefore this method is cost-effective and attractive. Another method of surface 
modification to improve the phosphate and nitrate adsorption capability of AWBs is sulphate 
coating, however, until now, this method has been only applied to conventional adsorbents. 
Cationization of AWBs by quaternization (amine grafting) is intended to produce anion 
exchange resins that will be employed for the removal of nitrate and phosphate.  
The quaternization process is implemented by treatment of AWBs with various quaternary 
ammonium compounds. Nevertheless, cellulose cannot react directly with quaternary 
ammonium compounds, due to their poor interactivity. Therefore, to facilitate the reaction 
between cellulose and quaternary ammonium compounds, cross-linking agents such as 
epichlorohydrin are commonly used to convert cellulose into epoxy cellulose ether, which is 
regarded to be more active. The epoxy cellulose Ether then will be grafted with different 
amines. Various quaternary ammonium compounds can be utilized, such as poly-allylamine 
hydrochloride (PAA.HCl), dimethylamine, triethylamine [67], Urea [68]. 
Chemical activation is a process of carbonization or calcination, in which inorganic chemicals 
are employed to degrade and dehydrate the organic compounds. According to Abdul and 
aberuagba [71], the overuse of chemicals in the chemical activation may cause environmental 
contamination or equipment erosion, and thus preventing this method from wide application.  
Thermal activation is a process of carbonization or calcination of organic matter using high 
temperature (400 to 1000°C). It can increase the surface area and porosity of some adsorbents 
providing increased number of sites for adsorption of pollutants. Heat activation of carbon 
produced from many AWBs has been shown to increase the adsorption capacity of many 
pollutants, especially dissolved organic compounds [70]. 
Another method of activation is steam activation that is a selective oxidation process of 
carbonaceous compounds with the presence of air at low temperature/steam, and CO2/blue 
gas at high temperature. 
Table 3 shows the effect of activation in some AWBs adsorption capacity, while Table 4 
gives a comparison of different methods of modifying AWBs: 
Tbale3: Effect of activation of AWBs adsorbents  
 
AWBs 
 
Modifying agents 
Adsorption capacity 
before modification  
(mg/g) 
Adsorption capacity 
after modification  
(mg/g) 
 
Reference 
 
Sawdust of 
Aleppo pine 
 
Urea 
 
47.64 
 
116.25 
 
Benyoucef & Amrani 
(2011)  
 
 
Coconut shell 
fibers 
 
Ammonium quaternary 
salt 
 
Negligible 
 
200 
 
De Lima et al. (2012) 
    Tbale4: Comparison of activation methods 
 
Biosorption modelling: 
 
Coir pith 
 
Fe(NO3)3.9H2O 
 
4.35 
 
22.05 
 
Krishnan  and Haridas 
(2008)  
 
Methods Advantages Disadvantages 
 
 
Thermal 
activation 
 
No consumption of chemicals 
 
Ideal for AWBs with porous structure 
and high content of CaCO3 
 
High energy consumption 
 
Specialized equipment required  
 
weight loss of biosorbents 
 
 
 
Chemical 
activation 
 
High efficiency 
 
Ideal for AWBs with porous structure 
and high content of CaCO3 
 
Large consumption of chemicals  
 
Environmental contamination 
 
Equipment erosion 
 
 
Steam activation 
 
Minimization of chemical use  
 
Ideal for AWBs with porous structure 
and high content of CaCO3 
 
Specialized equipment are needed 
 
 
 
 
Metal loading 
 
 
 
Simple operation 
 
High efficiency  and selectivity 
 
Ideal for AWBs with high affinity 
toward loading metals 
 
 
High cost of loading metal 
 
Limited stability and reusability of biosorbents  
 
Environmental contamination caused by leaked metals  
 
Extra operational cost due to metal reloading 
requirement 
 
 
 
 
Quaternization 
 
High efficiency and regeneration of 
biosorbents  
 
Ideal for AWBs with low lignin: 
cellulose ratios 
 
Wide application 
 
 
Relatively complicated process  
 
Secondary pollution caused by toxic solvents or 
quaternizing reagents 
 
 Less selectivity toward phosphate anions  
 
Weight and capacity loss of biosorbents after several 
cycles of operation 
 
 
Sulphate coating 
 
Simplicity  
 
 
 
Efficacy depends on adsorbents  
 
Limited application 
 
In order to develop an effective and accurate design model for the removal of pollutants from 
aqueous media, adsorption kinetics and equilibrium data are required. Adsorption kinetics can 
be presented by a plot of uptake vs. time; this plot is known as a kinetic isotherm and it forms 
the basis of all kinetics studies because its shape represents the underlying kinetics of the 
process.  
The kinetics are dependent on material factors, such as adsorbent and adsorbate types, and 
experimental factors, such as temperature and pH [72]. Typically, a batch experiment is 
conducted to collect kinetic data. Ensuring constant experimental conditions during batch 
adsorption is important. 
The kinetic isotherm should ideally shed light on the intrinsic kinetics, which are the chemical 
kinetics on the adsorbent surface in the absence of transport limitations. Batch operation is an 
attractive method for studying intrinsic kinetics. Mass transfer effects are relatively easily 
reduced or eliminated by applying a high agitation speed (reduced film thickness) and a small 
particle size (reduced pore diffusion resistance). 
Adsorption Kinetics: 
Kinetic studies are important for the prediction of optimum conditions in in full-scale batch 
adsorption processes [73]. Kinetic modelling gives information about adsorption mechanisms 
and possible rate-controlling steps such ass mass transport or chemical reaction processes. 
Several kinetic models as pseudo-first and pseudo-second order, Avrami, and Elovich are 
available (table 5). 
Tbale5: kinetic models and their equations 
Kinetic Equation reference Parameters 
 
Pseudo-first order 
 
𝑞
𝑞𝑒)
+ ln(𝑞𝑒 − 𝑞)
= ln(𝑞𝑒) − 𝐾1𝑡   
Douven et 
al.2015 
K1: PFO rate 
constant 
 
Pseudo-second order 
𝑡
𝑞
=
1
𝑘2𝑞𝑒²
+
𝑡
𝑞𝑒
 
 
Ho Ys et 
al.1999 
K2: PSO rate 
constant 
 
Elovich 
 
𝑞 =
1
𝛽
ln(𝛼𝛽) +
1
𝛽
ln 𝑡 
Roginsky and 
zeldovich 1934 
α: the initial 
adsorption rate 
β: Desorption 
constant 
 
Avrami 
 
ln(𝑙𝑛 
𝑞𝑒
(𝑞𝑒 − 𝑞)
) = 𝑛. ln 𝑘 + 𝑛. ln 𝑡 
 
Cestari et 
al.2004 
K: Avrami kinetic 
constant  
 
The PFO model has been argued to be valid for long adsorption times when the system is near 
equilibrium [74]. The model has also been shown to be valid only at the initial stage of 
adsorption. No generalization can be drawn from this apparent contradiction because 
systematic comparisons are made impossible by the high variability of experimental 
conditions, such as concentration range and adsorbent dosage. No consensus has been reached 
on standard operating conditions; as such, a wide array of data are reported from which no 
meaningful comparisons or conclusions with regard to kinetics can be drawn [75]. 
The PSO model assumes that the uptake rate is second order with respect to the available 
surface sites. Most environmental kinetic adsorption can be modelled well by PSO, thereby 
indicating its superiority to other models. Similar to PFO’s constant k1, the constant k2 is a 
time scale factor that decreases with increasing C0 [76]. The effects of pH and temperature on 
k2 are not well studied because of difficulties that arise from the effects on equilibrium 
isotherm shapes. 
The Elovich equation neglects desorption and is known to describe chemisorption well [77]. It 
is physically unsound as it predicts infinite q at long periods of time. Therefore, it is suitable 
for kinetics far from equilibrium where desorption does not occur because of low surface 
coverage. Many works have attempted to establish a theoretical basis for the Elovich 
equation, and most of these works assume strong heterogeneity at the adsorbent surface. This 
model has found applications in liquid phase kinetics modelling. Largitte and Pasquier [78] 
found Elovich equation to be the best fit for lead adsorption onto activated carbon. 
The Avrami equation is one model that describes a kinetic system with a time-dependent rate 
coefficient [79], it describes how solids transform from one phase (state of matter) to another 
at constant temperature. It can specifically describe the kinetics of crystallisation, can be 
applied generally to other changes of phase in materials, like chemical reaction rates and can 
even be meaningful in analyses of ecological systems. 
Adsorption isotherm: 
An adsorption isotherm is a curve relating the equilibrium concentration of a solute on the 
surface of an adsorbent, Qe, to the concentration of the solute in the liquid, Ce, with which it is 
in contact. The adsorption isotherm is also an equation relating the amount of solute adsorbed 
onto the solid and the equilibrium concentration of the solute in solution at a given 
temperature. 
Table 6: Adsorption isotherm models  
Model isotherm Equation form Parameters 
 
Linear Langmuir-1 
𝐶𝑒
𝑄𝑒
= (
1
𝑄𝑚
) 𝐶𝑒 +
1
𝑏𝐿𝑄𝑚
 
 
 
 
Qm (mg/g): The saturated monolayer 
adsorption capacity. 
Qe (mg/g): The equilibrium adsorption 
capacity.  
 bL (L/mg): The constant related to the 
energy of sorption. 
Ce (mg/L): The equilibrium liquid 
phase concentration. 
Qe (mg/g): Amount of solute adsorbed 
at equilibrium. 
KF: The constant related to adsorption 
capacity. 
n: The constant related to the adsorption 
intensity. 
 
Linear Langmuir-2 
𝐶𝑒
𝑄𝑒
= (
1
𝑄𝑚
) 𝐶𝑒 +
1
𝑏𝐿𝑄𝑚
 
 
Linear Langmuir-3 
 
𝑄𝑒 = 𝑄𝑚 − (
1
𝑏𝐿
)
𝑄𝑒
𝐶𝑒)
        
    
 
 
Linear Langmuir-4 
 
𝑄𝑒
𝐶𝑒)
= (𝑏𝐿𝑄𝑚) − (𝑏𝐿𝑄𝑒) 
 
 Non-linear Langmuir 
 
𝑄𝑒 =
𝑄𝑚𝑏𝐿𝐶𝑒
1 + 𝑏𝐿)𝐶𝑒
 
 
 
Linear Freundlich 
 
ln(𝑄𝑒) = ln(𝑘𝐹) + (
1
𝑛
) ln(𝐶𝑒) 
 
Non-linear Freundlich 𝑄𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛 
 
 
Adsorption isotherm model is a useful tool giving information about the theoretical maximum 
adsorption capacity and possible interactions between adsorbents and adsorbate. The most 
commonly used isotherms for the application in water and wastewater treatment are the 
Freundlich and Langmuir isotherms models h. Langmuir isotherm assumes that all binding 
sites have equal affinity for the sorbate, resulting in the formation of monolayer of adsorbed 
molecules. On the other hand, Freundlich isotherm mainly describes adsorption onto 
heterogeneous surfaces that provide adsorption sites of varying affinities. Linear and non-
linear expressions of Langmuir and Freundlich isotherms are listed in (table 6). 
Conclusion: 
 AWBs represent a promising green technology for the removal and recovery of nutrients 
from wastewater, however, the extremely good sequestering capability of phosphate and 
nitrate requires proper chemical modifications and existing modification methods have some 
shortcomings, this leads to a need to develop novel and cost-effective modification methods 
for better phosphate and nitrate treatment and less harmful environmental impacts.  
This review also showed the most affecting factors on the rate of adsorption, which are pH 
solution, temperature, contact time, initial concentration of adsorbate, mass of adsorbent and 
interfering ions, these factors play an important role in the adsorption process therefore a 
novel kinetics and isotherm models including these parameters is required for better 
understanding of adsorption mechanism. Furthermore, most of studies published in literature 
were referred to experimentations at lab-scale and focused on synthetic solutions, thereby 
future studies must focus in more realistic conditions such as multi-component pollutant 
systems and the application in real wastewater. 
Finally, it is important to investigate the reusability of these adsorbents as fertilizers. 
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